The high-resolution electron backscatter diffraction (EBSD) technique was applied to study microstructure and texture changes in the overburden layer as well as in upper and bottom parts of nano-scale damascene copper lines during annealing in a temperature range of 200-500°C. The microstructure in overburden layer was found to coarsen significantly at 200°C. At higher temperatures, however, it was established that the overburden layer and both parts of the lines were surprisingly stable. It was also shown that the microstructure in all studied regions was stabilized after achieving the same level of total grain-boundary area per unit volume. This observation has been interpreted as indirect evidence that grain growth behavior in the lines was governed by the pinning effect of second-phase particles entrapped during the electrodeposition process.
Introduction
The ongoing miniaturization of electronic devices is prompting a reduction of interconnect widths down to a nano-scale. For manufacturing of such interconnects, a copper damascene process is currently used. Generally, this process involves a preliminary deposition of a thin dielectric substrate, its subsequent etching to form a line pattern, and final electrodeposition of copper to fill up the lines. Copper in excess, sometimes referred to as the overburden layer, is then removed using a chemical-mechanical polishing process.
The significant problem for miniaturization is that resistivity of the narrow copper lines increases considerably in the nanoscale range. 1, 2 This effect is conventionally attributed to electron scattering on sidewalls as well as on grain boundaries because grain size in such interconnects is expected to approach the mean electron free path (³40 nm at ambient temperature). An obvious way to minimize this problem is use of an appropriate annealing process which allows production of reasonably coarse-grained structures. In this regard, annealing behavior of the electrodeposited copper becomes of particular practical interest.
In forming thin films, the electrodeposited copper is well known to be very unstable, even at room temperature, and prone to primary recrystallization or abnormal grain growth. 38 These phenomena are sometimes referred as the self-annealing effect and they are believed to depend on variables of the electro-deposition process as well as the film thickness. 4, 9 The annealing behavior of the damascene copper lines appears to be different. The grain growth is frequently found to initiate in the overburden layer, 1014 which presumably behaves as the thin film. Within the lines, however, the microstructure is surprisingly stable and grain coarsening there occurs only via penetration of the growing grains from the overburden layer. 1115 It has also been reported that the downward grain penetration may be inhibited in the case of very narrow lines. 1113 High thermal stability of the microstructure within the lines is sometimes attributed to the pinning effect of second-phase particles entrapped during the electrodeposited process. 1113 An alternative theory is that the stabilization effect is related to a mismatch between thermal expansion of copper and silicon substrate which may produce significant thermal stresses during annealing. 9, 16, 17 However, both hypotheses have not been experimentally verified yet.
The above mentioned studies have provided important insight into the structural behavior of the damascene copper lines. It should be emphasized, however, that they were typically performed in a limited range of annealing conditions (including only one or two annealing temperatures) and were based on scanty experimental statistics. It is difficult to know, therefore, whether these results are isolated cases or representative examples. More systematic research is needed in this field with the final aim being precise microstructural control of the copper interconnects.
This work presents a detailed study of microstructure and texture evolution in a wide temperature range in an attempt to establish a better understanding of the annealing processes in these materials.
Experimental
Damascene trenches (80 nm wide and 200 nm height) were patterned in SiO 2 /Si dielectric films with the inter-trench space of 80 nm using electron beam lithography and reactive ion etching. The employed reference directions included the longitudinal direction (LD) of the trenches, their transversal direction (TD), and the normal direction (ND) of the silicon substrate. An ultra-thin TaN/Ta (7.5 nm/7.5 nm) layer was first sputter-deposited on the trenches as a diffusion barrier and adhesion layer, followed by sputter deposition of a 50 nm copper seed layer to serve as the cathode for electroplating. The copper interconnectors were made by a normal DC electroplating process at room temperature and a current density of 5 mA/cm 2 . A high purity 99.999999% (8N) copper anode and 99.9999% (6N) CuSO 4 ·5H 2 O copper electrolyte (157.3 g CuSO 4 · 5H 2 O per 1 L of water) were used. Organic additives*®accelerator (1.8 mL), suppressor (0.4 mL), and leveler (0.6 mL)®were also added to the solution to enhance the filling capability of copper. The total plating time was 162 s, and the thickness of the electroplated layer was 300 nm. After completion of the electrodeposition process the obtained specimens were finally washed with distilled water and dried with argon gas.
To investigate the annealing behavior of the copper lines, the specimens were annealed for 1 h at temperatures in the range from 100 to 500°C in vacuum (6.6 © 10 ¹3 Pa) immediately after completion of the electrodeposition process. At temperatures exceeding 600°C, copper is known to penetrate through the TaN/Ta diffusion barrier and therefore annealing above 600°C is impractical. 18 In other words, this study covers almost the entire useful temperature range for heat treatment of the damascene copper lines.
The time interval between the completion of the annealing (or electrodeposition) processes and microstructural studies ranged from 18 to 41 h. All specimens were stored in vacuum prior to microstructural examinations.
All microstructural observations were made on the longitudinal (i.e. LD-TD) plane. To evaluate the possible variations of microstructure and texture in the thickness direction, the observations were made at the trench heights of ³50 and 200 nm (which corresponded to bottom and upper parts of the line, respectively) as well as in the overburden layer. Chemical mechanical polishing was applied to remove the excess copper and TaN/Ta layers from the trenches as well as to get the final surface finish for the observations.
The microstructural examinations were performed using the electron backscatter diffraction (EBSD) technique. For this purpose, a Hitachi S-4300SE field emission gun scanning electron microscope equipped with a TSL OIM· EBSD system was employed. The EBSD maps were acquired with a scan step size of 30 nm. The misorientation angle was defined as the minimum rotation angle (out of all symmetrically equivalent possibilities based on the axis/angle description of orientation) required to bring two crystalline lattices into coincidence. Due to the experimental accuracy limit of EBSD, a lower limit boundary misorientation cut-off of 2°was used. Low-angle boundaries (LABs) and high-angle boundaries (HABs) were defined as those having misorientations below and above 15°, respectively. The 3 twin boundaries were categorized as those having a 60°©111ª misorientation (within a Brandon's tolerance of ³8. 7°1 9 ). Due to lattice distortion and the fine nature of the microstructure, reliable EBSD maps could not be obtained from the as-deposited material as well as from the specimen annealed at 100°C. In these cases, the EBSD data were used only for qualitative evaluation of the developed microstructure.
Because the microstructure evolved in the copper lines may contain significant proportions of LABs and 3 twin boundaries, the term "grain" requires a definition. The grain growth behavior, which was the main interest in this study, is defined by a migration of grain boundaries. The grain-boundary mobility is well known to rapidly decrease at misorientations below 15°, 20 and thus the grain growth is believed to be dominated by only HAB migration. In this regard, the term "grain" used in the present work was defined as a crystallite bordered by a boundary having a misorientation greater than 15°, i.e. the HABs. On the other hand, the grain growth in copper is typically accompanied by annealing twinning. 20 The latter process leads to grain refinement and thus contaminates the grain growth. To exclude this factor from consideration, the twin boundaries were ignored during grain-size measurements. The numbers of grains in various microstructural regions as measured by EBSD are summarized in Table 1 .
Results

Microstructure
Selected portions of the EBSD maps illustrating the effect of annealing temperature on microstructure in different parts of the damascene lines are shown in Fig. 1 . Grains are colored according to their crystallographic orientations relative to the ND (a color code triangle is given in the upper right corner of the figure); LABs and HABs are depicted as white and black lines, respectively. The grain size distributions derived from the EBSD data are summarized in Fig. 2 . In all cases the grain size was quantified by measurement of grain area (excluding twin boundaries) and calculation of the equivalent grain diameter assuming each grain as a circle (i.e., the so-called grain reconstruction method was applied 21 ).
In the overburden layer the as-deposited microstructure was difficult to map by EBSD, as mentioned above. Nevertheless, it may be deduced from Fig. 1(a) that the microstructure was comprised of fine elongated grains with a longitudinal size of ³0.20.3 µm and grain shape aspect ratio (given by the grain length divided by the grain width) of ³2. There were also isolated, relatively coarse (³1 µm) grains containing annealing twins in the microstructure [an example is encircled in Fig. 1(a) ]. These grains seemed to be recrystallized in appearance and presumably originated from the self-annealing effect.
An annealing at 200°C led to significant microstructural changes in the overburden layer. The microstructure substantially coarsened [ Fig. 1(b) ], achieving a typical grain size of ³2 µm [ Fig. 2(a) ]. The grains became essentially equiaxed and typically contained annealing twins [an example is indicated by the arrow in Fig. 1(b) ]. The microstructure developed after annealing at 200°C did not contain abnormal coarse grains [Figs. 1(b) and 2(a)] thus indicating that the grain growth was reasonably homogeneous.
Of particular interest was the observation that the microstructure evolved at higher temperatures showed only minor changes as compared to that at 200°C either in terms of grain morphology [Figs. 1(b)1(e)] or grain size [ Fig. 2(a) ]. Specifically, grain-size distributions slightly shifted towards larger grain sizes at 400 and 500°C [ Fig. 2(a) ] thus reflecting a reduction of the fraction of small grains in the microstructure [Figs. 1(b)1(e)]. These changes however were rather small and the grain growth in the overburden layer was virtually stagnated.
In the upper and bottom parts of the lines the microstructure also showed no notable grain growth in the temperature range of 200 500°C [Figs. 1(f )1(m) and 2(b)2(c)]. In contrast, a slight grain refinement was detected in the bottom part of the lines at 400 and 500°C [ Fig. 2(c) To ascertain the cause of former behavior, grain shape aspect ratio was measured in the upper and bottom parts of the lines and the Figs. 3(a) and 3(b) , respectively. The distributions essentially overlapped thus indicating that the longitudinal grain growth, if any, was negligible. Again, the observed increase of the fraction of low-aspect ratio grains in the bottom part of the lines at 500°C [ Fig. 3(b) ] was thought to be related to the copper-tantalum chemical interaction.
It is interesting to note that some grains located in neighboring trenches in the upper part of the lines had nearly the same crystallographic orientation [an example is encircled in Fig. 1(i) ]. This effect has already been reported in the literature 15 and may be associated with downward penetration of the growing grains from the overburden layer. 
Misorientation distribution
To establish a better understanding of the microstructure evolution process, misorientation data were derived from EBSD maps and shown in Fig. 4 . It is important to emphasize that the misorientation-angle distributions in the figure are expressed in the terms of the specific grain-boundary area, which equals the total grain-boundary length for a given misorientation angle (or small range of misorientation angles) divided by the total area of the EBSD-mapped copper. This metric provides a direct comparison of grain-boundary characteristics for the examined microstructure as it is particularly sensitive to grain refinement or grain growth.
The misorientation-angle distributions essentially overlapped in the range of 200500°C in all three microstructural regions® overburden layer, upper and bottom parts of the line (Figs. 4(a) , 4(b), and 4(c), respectively). This indicated that grain-boundary area in these locations changed only slightly and therefore notable grain growth did not occur.
The only notable feature was a measurable decrease in area of the 515°boundaries in the bottom part of the line with annealing temperature above 200°C [ Fig. 4(c) ]. Such an effect during annealing is conventionally attributed to elimination of LABs by migrating grain boundaries. In the present case, however, grain size measurements indicated, grain refinement in this region at 400 500°C [ Fig. 2(c)] . A possible explanation for these apparently contradictory results is provided in Section 3.3 Texture.
It was also seen from Fig. 4 that the misorientation angle distributions in each case were characterized by two features: a sharp peak at 2°as well as a maximum near 60°associated with twins. To provide additional insight into the microstructure evolved in the overburden layer and within the lines, fractions of LABs and 3 twin boundaries were calculated. As mentioned before, the LABs were defined as grain boundaries having misorientations in the range of 215°whereas 3 twin boundaries were categorized as those with a 60°©111ª misorientation (within the Brandon range 19 ). The obtained results are summarized in Fig. 5 .
It is interesting to note that the proportions of the LABs and twin boundaries were considerably altered in the line thickness direction. In the overburden layer, the fraction of the twin boundaries was the maximum whereas LAB proportion was the minimum [ Fig. 5(a) ]. In other words, the microstructure here seemed to be mostly recrystallized. On the other hand, an opposite trend was found in the bottom part of the line. In this case the LAB fraction was maximal whereas the amount of twin boundaries was low [ Fig. 5(c) ] and therefore the microstructure appeared to be the least recrystallized. The microstructure in the upper part of the line represented an intermediate case where proportions of the LABs and 3 boundaries were comparable with each other [ Fig. 5(b) ].
Texture
The 111 and 110 pole figures illustrating effect of annealing Electrochemistry, 81(8), 616622 (2013) temperature on textural changes in the overburden layer and upper and bottom parts of the lines are summarized in Fig. 6 . Usually, these textures were found to contain several textural components which were characterized by the strongest intensity in the pole figures. The evolution of the volume fraction of these individual textural components with temperature is given in Fig. 7 . In the overburden layer a ©111ª//ND fiber texture was found to predominate in the entire studied temperature range [Figs. 6(a)6(d) and 7(a)]. The formation of such texture indicated an alignment of the close packed {111} planes with substrate surface. This texture is often observed in deposited copper films and commonly attributed to minimization of surface energy. 22, 23 It was also noteworthy that this texture component notably strengthened with annealing temperature [ Figs. 6(a)6(d) and 7(a) ]. The material of the overburden layer also contained a minor fraction of ©100ª//ND fiber texture [ Fig. 7(a) ], which was typically associated with annealing twins in the ©111ª grains [ Figs. 1(b)1(e) ].
The texture developed in the upper part of the lines might be described in terms of the superposition of the {111}©110ª sidewall texture component and the ©111ª//ND fiber texture [Figs. 6(e)6(h) and 7(b)]. The formation of the {111}©110ª component in this region is well documented and is usually related with grain nucleation at the sidewalls of trenches. 24, 25 However, the presence of the ©111ª-fiber texture in this area was difficult to explain from the nucleation standpoint. It seemed reasonable to hypothesize in this regard that this texture originated from the penetration of the growing grains from the overburden layer. This idea complemented the microstructural observations made in Section 3.1 [encircled in Fig. 1(i) ] and it was in agreement with the current conception of the grain growth in the narrow damascene copper lines.
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In the bottom part of the line the texture mainly consisted of the sidewall as well as out-of-plane {111}©110ª texture components [Figs. 6(i)6(l) and 7(c)]. The latter orientation was attributable to nucleation of grains at the trench bottom surface. 24, 2628 Both components were as expected in this region. However, the observed pronounced strengthening of the out-of-plane texture with temperature [ Fig. 7(c) ] presumably indicated growth of the bottom grains. If so, the vertical grain growth in the lines involved not only downward penetration of the overburden grains but also upward propagation of the bottom grains.
It seemed therefore, that the annealing behavior of the material at the line root was very specific. Chemical interaction with barrier material at 400500°C efficiently suppressed horizontal grain growth and even led to apparent decrease of the grain size measured in the horizontal section plane [ Fig. 2(c) ]. However, the textural data indicated that the grain growth developed in the vertical (i.e. upward) direction leading to textural changes [ Fig. 7(c) ] and eliminating some portion of LABs [ Fig. 4(c) ].
Discussion
Experimental observations summarized in the Results section indicate that the microstructure of the overburden layer is significantly coarsened during annealing at 200°C. Heat treatment at higher temperatures, however, leads to no substantial changes in microstructure in the overburden layer or within the lines. Though the textural measurements reveal some evidence of vertical grain growth in the lines, this effect does not seem to be very large. Taking into account the very fine grained nature of the microstructure within the lines, it can be concluded that the established high thermal stability of the material in this region seems to be very unusual.
Grain growth is commonly believed to be driven by a minimization of energy stored in grain boundaries and thus is directly related with grain-boundary area in a material. In this context, it is useful to evaluate grain-boundary area in the overburden layer as well as within the lines.
The effect of annealing temperature on the specific grainboundary area of highly mobile HABs (excluding 3 boundaries) in the three examined microstructural regions is shown in Fig. 8 . It is seen that the boundary area in all cases decreases only slightly with temperature thus confirming microstructure stability. Of particular importance is the observation that the grain-boundary area in the overburden layer is comparable with those areas within the lines. This result is very surprising considering the difference in grain size in these regions (³2 µm in the overburden layer and ³0.2 µm within the lines, Fig. 2 ).
This effect is thought to be associated with the specific bambootype morphology of the grains within the line. In this case, the longitudinal (i.e. long) boundaries of the grains are phase boundaries (between the copper and tantalum diffusion barrier) whereas transversal (i.e. short) boundaries are grain boundaries (between copper grains). In other words, the microstructure within the lines is characterized by the dominance of phase boundaries whereas the surface area of the grain boundaries is relatively small. As a result, 0.2-µm grains within the lines have approximately the same grain-boundary area (i.e. grain-boundary energy) as 2-µm grains in the overburden layer (Fig. 8) .
This simple idea allows explanation of the relatively low thermal stability of the overburden layer as compared to that of the material (2013) within the lines. It seems that the grain growth initiates in the overburden layer simply due to the larger grain-boundary area (and thus higher grain-boundary energy) in this region.
Another interesting point is the observation that the microstructure in both these locations is stabilized after achieving nearly the same level of grain-boundary area (Fig. 8) . One of the possible explanations for this effect is the pinning force of second-phase particles (which are presumably entrapped during the electrodeposition process) suppressing grain growth. If the distribution of the secondary particles in the as-deposited material is the same within the overburden layer and the lines, the grain growth in both cases should be stagnated after achieving the same grain-boundary area.
Conclusions
In this work the structural response of nano-scale damascene copper lines to annealing was studied. To this end the damascene copper was annealed in a practical range of temperatures from 200 to 500°C and microstructural and textural changes were tracked in the overburden layer as well as in the upper and bottom parts of the lines. The main conclusions are as follows.
Experimental observations showed that the microstructure of the overburden layer was significantly coarsened during annealing at 200°C. However, heat treatment at higher temperatures did not led to substantial changes in microstructure either in the overburden layer or within the lines. The structural and textural observations revealed some evidence of downward penetration of the growing grains from the overburden layer as well as upward growth of the bottom grains. In both cases, however, the grain growth effect was relatively small.
It was deduced that the relatively high thermal stability of the material within the lines may be attributed to the relatively low grain-boundary area in this region. Due to the specific bamboo-like morphology as well as the geometric restrictions of the lines, the microstructure here was characterized by the dominance of phase boundaries (between the copper and tantalum diffusion barrier), but not grain boundaries.
The microstructure within the lines as well in the overburden layer was found to stabilize after achieving nearly the same grainboundary area. One of the possible explanations for this effect was pinning force of second-phase particles (which were presumably entrapped during the electrodeposition process) suppressing grain growth. Figure 8 . Effect of annealing temperature on specific grainboundary area of HABs without 3 twin boundaries in different parts of lines.
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